
,
“.

.

Making M achinc  ~J()~’~llill~ Al,goritlms Work in l)ractjicc

Carla 1’:. lh’odk!y* Zmd l’adlllaic Slllytll+

* ,Sclloo] of }tlcct I ical l~h Ip,il Iccrillg
l’urduc Univc]”sitj’

Wcsi 1,afaycttc, 1 N 4 790(;
I’lIOIIC:  (317) 494-0635

11’AX:  (317) 494-6410

+ Jet l)ropulsioll  I Laboratory MS 52&3660
California l]lstitutc of ‘J’c(lIIIology

4800 Oal< Grove 1)1 ivc
l’asadcIIa, (;A 911 (19

l’lIolIc: (818) 30[j-(i122

IJAX:  (818) 30(;-6912

bro{llc y@ccIt .pt[rduc. cdu, ])js($galioa  y.jpl.  II aso .$goc

May 2, 1995

III
world

Al)stract

tlIis l)a])cr wc ])resm)t  a vim of tllc overtill pIoccss  of a])])licatioll  dwclo])lIlclIt  for real-
c.lassific.atio])  alId rcgressio])  problems. S])ccifically,  wc idmtify,  categorize aIId discuss the

various I)rol)lc]t  ]-s]mific  factors tlIzit i]] flucncc  i,llis ])roccss.

1 Introduction

‘J’llis  pa~)cr considers tlIc process of Lrailling  a model frol  II data aad tlIc  issues irlvolvcd  in solving
Iwal-world  prcdictiml problclns. A s  rcfcrrcd  to ill L])is papcrj niodck arc consiclcrcd  to k e i the r

classif icat ion or rcgrcssim] IIIoclcls. Applieafion  dcvc/op7/Icnt  is tlIc overall process of applying a

I)articular  lnodcl (fro]]) a fa]nily of candidate ll-lOdClS) to a domaill-sl)ccific real-world classification
or  rcgrcssiol] l)roljlcm. ‘J’IIc  ])a])cr cllarac~crizcs tlw a]~JJlic:~tioll-dcvclc)lJltlcl]t  p r o c e s s  and idcn~ifics

{lIC prill]ary factors  wllicll  illfluc])cc  tlIc  j)roccss.

What arc the factors wllicll  illfluc]lcc  the selection of a lnodel for a ])articular application? While
])rcdictivc accuracy may WCII bc tl)c  IIlaill  criterion for cmt ain classes of l)ractical classification and
rcgrcssioll I)M)l)ICIIIS SUCII as optical character recognition ill)d spcccl  I rccogllition, wc shall scc that
there arc nulllcrous  otl]cr factors which influcllec Lhc selection of a IIIodcl for particular real-world
])roblc]ns.

‘1’hc l)urposc of t]lis ])a])cr is h cxp]orc t]Ic process  of  applicaiiol] dm’c]oplncnt b e y o n d  t h e
tradi t ional  lilnit,s of ]Jrcdictivc accuracy al]d llll(lcrstall(l;ll~ility criteria, wrllicll tclld to do]ninatc

tlIc rcscarcl] litcratlurc. 111 ])articular,  tlllc p a p e r  idcnti{ics  tlIc  IIlany  f ac to r s  whic]l  in p r a c t i c e
afIcct a~)plicatiol]  dcvcloIm IcIIt alId organizes these facto]s in a lncallillgful manner. Wllcthcr  the
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4, operational Use

l“igurc  1: “J’llc a]l})licatioll  dcvclol)ltlcIIt  l)mccss.

~)a~)cr is  successful  or IIOt iii lltis c]idcavor IIIUStl  IJC juclgcd  by tlIc  reader: sillcc t<llcsc criteria arc

intr insical ly quali.lalivc ill lIaturc tlllcrc is IIcccssari]y  a sul).lcctivc  l)ias  ill tlIc  lllarIIIcr  in which ideas
arc ])rcscmtcd.  ‘1’IIc  ideas as prcsclItcd slIoulcl assist practitliol]ers in ident i fying sa]icnt criteria as
tlIcy try to IIIatclt  gcIIcral-])urj)osc  tccl]l]iqucs aIId algoritlllm dcvclo]jc~]  uIIdcr  rcscarcl] conditiom
with tlIc ]Jartlicular vagaries ofs])ccific red-world classification and rcgrcssioll ])roblclm.  in addition,
tllc factors idclltificd as l~art  of tlIc  overall a~)plicatioll  dc~cloplncllt I)roccss  should sl)ur inl,crcst in
tlic rcscarc]l co~t]l]iul]it,y ill tlIc IIIaIty p rac t i ca l  i s sues  wllicl] cxisl  ljcyo))d  tlIc  iraditiol)ally IIarrow
SCOI)C of classical rcscarc.h  ill IIlacllinc  lcarming  and ~jattcrfl  rcmg(lition.

‘1’lIc ideas l)rcsclltcd lIavc evolved fro]]]  tllc authors’ cxl)cricllccs wit]) tlIc  pract ical  al)~)lication

of classification) IJlctl)ods  to real-world problcIIw.  As tllc various faciors arc idcIAificcl aIld discussed,
rcfcrcllccs wi l l  bc l)ladc to l~articular a])plicaiiol)s (and l)ul)lislIcd  rcsl]lts wllcncvcr ]Jossib]c)  wlIcrc
tllICSC issues IIavc ariscll.

‘J’lte origil]a] II]oiivaiiol) fo~ dcvclo])il]g  a “b ig  ])icturc’” of the aJ)]~licat4ioll  dcvclo])l  IIcIlt procms

was ])artial]y ills])ircd  by tlIc IIotio]is  of lllcta-data analysis ill statistical strakgy modeling (Hand,
l{]~~; ]la,l~l,  ] 9 9 4 )  w,]l~~~ si,])ilar ideas ],avc  lJCCII c~]>]olcd ill t,llc (’O[ltcxi O f  ulldcmta~ldillg L}IC

ovcral] ])roccss  of fitti))g .siaiislical lIIodcls  to data.

2 The Application Devclopmenl  Process

‘J’IIc  ])roccss  of dcvelol)i]~ g a classificatlioll  or regression applicaiiml is tyl)ically ikrativc ill practice
and illvolvcs tllc Collsidcratrioll  of various collstlrailltls  aIId rritcria. l“igu rc 1 sl~ows tllc four primary
stc])s  of illis itlcrativc J)roccss. ‘J’IIc dotkd arrows i~]dicalc  t]tat t]Ic J)roccss  is it,cra{ivc  i]] n a t u r e .
‘J’IIc  four ])rilllary stc]m  c.mlsist  ofi

1.

2.

Allalysillg ilIc J)roblclll, wl]icll illvolvcs  idclltifyil]g t lIc rclcva]lt dol)lai]l  factors, data factors,
aIId IIulilall  factors.

Sclcctillg a l)articular Inodcl  aIId algorithl)l based 011 lnatcl~illg  tl~c idcl}tificd  ])roblcrrl-sJ~ccific
f a c t o r s  (Stc])  1 ) to tlIc .gcIIcral  cll:~r~~ct(:ristics  of tilt IIIodcls  and algorith~ns uIIdcr  comidcra-
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3. AI Ialysis of tlIc test rcsLIlts rcsultil)g fmII the sclcctcd II Iodcl aIId algorithln. For  Inost appli-
caiiol]s, a first stab at sclccti)lg aII algoritllln dots IIOt lead to thr fil]al solut ion,  but r a the r
]jr(~vi[lcs  lllorc(lat{~f orrc-allalyzil] gtllc1)rcJ1)lc11~  ol)jfctivcsal]cl c<)llstraillts.  lndccd forll]any
]) IWIJICIIIS,  IIIaIIy  oftlIc constraints  call bc altered, l’or cxalrl])lc, OIIC lnay bc ab]c  to co l l ec t
IIlorc  data, wllicll  CaII cllal~gc tllcratioof  l)ro})lclll (lilllcl~sioIlal  itytt)s~l Illl)lcsizc, which in turn
illflucllccs tlIc lIIodcl  alId algoritllln that olIc selects .  Silnilar]y, I,IIc analysis of t,llc results of
a ]Jartlicu]ar  algoritlllm call cause OIIC (0 revise ollc’s  (Il)jcctives. l?or cxal)l])lc,  altl)ough IIlodcl
Illl(lc!rst;lll(lal)ilitly  IIligllt  initially IIavc scclIIcd  like a prilllary  goal, ill tlIc face of causing a
significant loss of ])redictivc accuracy it IIlay bccom(’  less illlporbllt.

4. l’illally, assulni]lg tllc Inodc]  sat isf ies tllIC overal l  ol)jcctives of tllc l)rojcct ill a  r ea sonab l e
IIlallllcr, tll IC dcvclo])cd  systcm is deployed ill all opclatliona] cllvirolllllcllt.

III tllc ]lcxt tllrccscctio)w wc dcscril)c tlIcstcps ofprol)lcll) ana lys i s  aII(l (Ictcrlllillatiollof rclcvallt
factors, IIIodcl  alId  algoritll]lll  sclcctio]i based on these [Ic)lll:lill-sl)ecific  fidctors,  md iteration bctwcm
alla]ysis of kst results alId tl)c first two stc])s  before final operational use.

It i s  i]ltcrcstillg to IIotc  tllatl OIIC CaII idclltify t w o  c.oIIIIIIon  {yr)cs  of a])l)lications: (1)  generic
applicatimls SUCII a s  spcccl I  aIId o])tica]  cllaract,cr rccog, tlition (0(~1{)  wlIcrc  difrcrcllt iilstanccs
o f  tll IC ])roblcll)  sllarc lnalIy of tlIc  salllc cllaractcristlics, aIId (2)  spcci.~ic  aI)l)licatioIls sucl) a s  tlIc

classif icat ion of  sky ol)jccts ill astronolnica]  images ilAo the classes of star or galaxy (Fayyad,
Slllytll, We i r  & l)jorgovski,  1995).  IPorgcllcric al)]) licatiol)s,  tllcr(:is?~ colltiIluousi  t,crativcproccss
of al)])licatiol) dcvcloI)IIIcIIt  wllicll  IIIay last dccadcs (as ill SJ)CCCII)  a]ld tcclluiqucs and resul ts  arc
slIamd by I12aIIy grou]m  w o r k i n g  011 tllc salnc ]Jrol)lclI1. III coIItIast, s])ccific  a]~l)lic.ations  tcIld to

ll~~vc~~lllllcll  sllc)rtcrt illlc-fr:llllcof dc~c>l()l)lllcllt (ontllco  rdcrof2y  calsorlcss) arid tllcrcsulting
tcclll]iqucs tclId IIOt tobc ?lstr:lllsfcr:ll)lc.

3 Analysis and Iclcntification  of l’roblem-Specific Factors

‘J’IIc  first step ill tllc a])])  licatio]l dcvclo~)lncllt  I)roccss  is to a~~alyzc tllc ]~rol)lc]n  and identify f ac to r s
wllicll  a r c  rclcvallt,  b IIlodcl  aIId algoritlllll sclcctioll. III later scctiolls wc discuss  the process
of ~1/dchi~/g  tlIcsc (lc)lll:~i~l-(lc] )cll(lcllt  factors to gcllcral [I<)lllail  l-ill (lc])cll(lcllt  model and algorithm
cllarackristics.

At a ]Iigh ICVCI OIIC call  idclltify tl)rcc ])rillla]y] )roh/() ~~-dc~)(~/dc7/f f a c to r s  wh ich  afrcct h o w  a
II1OCIC1  aIId algoritll]ll)  arc cl IoscII. l~or cacll  ~)ril)lary  factor  OIIC CaII idclltify v a r i o u s  f a c t o r s  and

critcriawllic.1] am of rclcvallcc. ‘J’IICSC factorsf  all into two g r o u p s :  (IIOSC that CaII bc alt,crcd  ( s u c h
a s  a c q u i r i n g  II)orc data) aIId {<l IOSC t]lat cannot  (SUCII  as tllc collstlraillt t}Iat  tll IC c l a s s i f i e r  lnust
hc cIIll)cddcd  wi(llill a  larger  systcm and lnust p r o d u c e  (stilnaicsof class ])rol)al~iliticsg  ivcrl tllc
fcatum data). ‘1’llctllrcc ])liltl~lry]  )rol)lclll-sj)ccificf: ~ctors” arc:

1. Domain  Crit)cria  and Factors :
‘1’llis i]lcludcs tlic overall ol.)jcc.tivcs of tl]c  ])rojcct,  tllc alllollllt c)f dolllain kllowlcdgc available
almut,  tllc prob]cltl , aIId ope ra t i ona l  facimrs  wlli~ll dictate lIOW tllc IIlodcd will h used in
})racticc.

2 .  Datja Factors:
ollcoftllcsigllificilllt” (Iiflcrcllccst)ct}vccll ;Icadcllli(rcscarcll  aIId ])ractical aJ)])licatiollsisill
tCMIIS o f  IIow  tlIc data is collcctcxl. ‘llIIC rcscarclI(r ty])ically s ays  ‘(just scIld  IHC a file of
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]abc]c(]  fcatum vccbrs  o]) a h])py  diSk a]]d 1’11 ap]dy  a]gorithu]  ~ ,“ wl]crcas iII l)rac~icc  tlIc

IIIodcl-builder is ac.tivc]y  illvolvcd  in tlIc dcfillition, acquisitio]l aIId labeling of feature data,

IIuman  lhctws:

WIIO is tlIc  ll](~(lcl-l)~lil(lcr~~  WIIO  is tllc cLIstoIIIcI/uscJ?  WIIO  is tlic dolllaill expert? Arc these
tlllc sa?llc  or diflcmlt l)co])lc?  III acadc]nic  rcscarcll tllc rcscarcllcr  “])lays”  a l l  tllcsc r o l e s  in
aII a r t i f i c i a l  cllvimlllllclit. III real  applicat,io]ls tllcrc IIlay be II IaTIJ’ difrcrcnt pcop]c i~wolvcd

wit]]  dif[crcld ICVCIS of kIIowlcdgc  al>ou~ tllc prol)lcIII  and tlIc tcclllliqucs b e i n g  u s e d .

III tlIc rcll)ailldcr of tl)is scctio]l wc discuss  ill ]IIorc detail tlIc  factors  for  caclI  c o m p o n e n t
])rovidillg ])oi]ltlcrs to real-world a])]) libations lvlic]c  ap])ro]  )riatc.

3.1

1.

2.

?t.

3 .2

Domain Criteria  and  Factors:

ol)jcctivcs:
W]lat  is tlIc ])urposc  o f  tllIC a])plicatliol)? I S  tl)c  o}),icctivc to t e s t  aIId ficlcl aII opcrationa]

It Iodcl  wit])  IIigll l)rcdictivc a c c u r a c y ? I S  it a l)ro(jf-of-collcc~)t?  or a  s t a t i s t i ca l  study o f
tllc lmtclltlial cilcctlivcllcss  o f  coll)pctlil]g  IIIodcls’/ 1  ‘rcqucllt]y  tllc ol)jcciivcs arc IIOt l]ladc

cxp]icit at, tlIc start o f  a  I)rc~jcct  wllicll  CaII co~nl)rolnisc  illc WIIOIC  al)~)licaiio]l  dcvcloplnc~lt
])roccss-  tl)is SaIIIC ]Jrol)lcIII  is discussed ill tllc corltc>t of statistical analysis by (J]and, 1994).

Domain (Prior) Knowledge:
Arc (IIC f e a t u r e s  for tllc I)mblcIn  wc]l-dcfilled  or is Ikat,urc  cxtractio]l payt of tlic PIO1)ICIII?
(Frcqucllt]y ill ilnagc analysis it is a major part of {lIc overall classification prohlcln (Fayyacl,
SIIlytlI,  Weir & l)jorgovski,  ]995))  WIIat is kIIOWII  allout tlIc  features (attributes) a~ld classes
individual ly? Wl]at is kIIOWII al)out,  their rclattio]lsl)i[)s?  Arc tllcy causal or correlational? IS

tllcrc a well-defined distallcc II]ctric  bctwccul  the fcat[lrcs? Wl]ai is kIIOWII  about,  tllc salnpling
])roccss?  About  {]IC l))casurclllcllt I) YOCCSS?  ~all t]lc  l)rior  kllow]cdgc  bc cxprcsscd ill prccisc
quanti tat ive forllls SUCII  as prior dc])sitics a]ld distril)utio]ls’?  Is tlIcrc a sing]c  do]nain expert?
If tllcrc arc IJ)ulti])lc  cx])crts IIow WC]] do tll ICy agree’!’

O~)crational  Factors:
I 1O W  will tllIC IIIodcl bc used ill practice? Will traini}lg data I)c availab]c o]]linc  for updating
tlIc IIIodcl?  l)OCS this consist of labeled or ulllaljclcd data? Will tlIc  II Iodcl require rctraillil]g
hy o]wrat,iollal l)crsollllcl? Arc tl]crc coll~])lltati(~ll:ll  rcquil clncllts for  speed and a c c u r a c y ?
(For cxaIIII)lc,  J]’], is currcllt]y collsidcril]g tlIc  usc of il]lagc rccogtlitio]l algorithll)s  for  usc
OII rol)otlic  s])acccraft  visiting  l)lanctls  of 1,1 Ic solar sys LcIII: clcar]y tllcrc arc scvcrc restrictions

0 1 1  tlIc col]l])~lt~ltio~ltll dCIIIaIIdS  of ally  sach algorit]llns).  I\’ill tllcrc just,  bc a  s ingle  model
])roduccd or will tllcrc h ]na])y tl)ousa]lds (i]) wllicll  c a se  ave rage  lIIodcl  ~)crforl]larlcc  lnay
I)c IIlorc  rclcvallt,  tllall worsi-case)? What arc tllc actual loss flll)ctio]ls involved? IS there a
kIIOWIII  loss l]latrix for classificat)ioll  dccisiolm?  IS it stationary over tilllc? IS tllc model to bc
illtcgratcd into al) overall systc]n or is it a stand- alollc a])])licatiorl’?

IJata Factors

l~or real al)~)licatiolls, data is rarc]y collcctcd and labeled ill adva]lcc: sa}ll~)lil)g  scl IcIncs,  labc]irlg,

IIlissillg  data, feature rc])rc:scllt~itioll  arc all itcl))s  over wllicll  tll IC praclitiollcr call exert solnc control
bvl 0/ so?)~ c: cco?lofnic  cosf. ‘J’llc ])ri[llary data factors a~c ;Ls fol low’s:



1.

2.

3 .3

5

Data R,t:]Jrc:s[!l~t:itic~l~:
IIow  am tl)c fcatums (atbil)utcs) rclJrcscl)tcd: ill colltilluous, disrrctc, categorical, hierarchical
form, or  SOIIIC ]tlixturc of tfIcsc forIIIs?  What is tf]c (Iimcllsiollaliiy (tflc nuInbcr  of f e a t u r e s )
of tl]c ]Jmblcl]l’/  1s tllc llulnbcr of features fixccl or wmiablc?  WIIat is LIIc forlll of tlIc class
~,tlri:l})](:~~  Arc t,fl~ ~,lass(;s  IIIII(,IIa]ly  c~c][lsivc,  IIlll(,(lally cx]la[lsi,ivc’? ]11 fault,  dctcc,tion, c l a s s e s

]IIay bc ]Icit,llcr  cxllaustivc  IIor cxclusivc (SIIlytlIj  ]994b). IIow lna]]y  c l a s ses  a rc  tJlcrc? F o r
cxaIIIJJlc,  ill slNcclI  and OCli al)plicatiolls tl]crc CaII I.)c tlIousaIIds o f  c l a s se s .

Dtita  %m~pling:
IS tllcrc IIlissillg  clalar? 1+’or tlIc feature va]ucs  or ihc c]asscs? Is tllc a,vailablc  data a true random
sa]ll])lc  frorll  tllc :Illdcrlyillg I)o])ulatioll? If JIot is tllc sa}nJ)lil}g  l)lctflod k[lowll  (e .g. ,  a  fixccf
IIulllbcr of sal II])lcs Jmr c l a s s )?  Wllatl  is tllc sim of tl)c Iraillil}g set? 1s tfllcrc ~llcasurclnc~ltl
IIoisc or outficrs ill tflc  fcat,urcs? If so can this noist  bc characterized? Arc the class labc]s
re l i ab l e ’ f  If not call tllc ullccrtlainty bc qualltlificd  (fol cxallll)lc, ill tc]IIotc  scllsillg aJ)J)licatiolls
tflc il)la.gc data arc oficll sul)jcctivc]y l abe led  af~cr lncasurclllclli t)y a IIulnall cxJ)cri, - -  for
SOII]C  aJ)J)licatiolls  trllis lal)c]illg  J)roccss  call bc q u i t e  IIoisy a s  dcscril)cd ill (Ilur], F’ayyad,
]’crolla, Slllytll & IIur],  1 994))? 1s tflc  al]lolllltj  of t raillil)g data fixed ill advallcc or at the
discrct,ioll  of tf]c  u s e r ?  CaII tflc  ul]dcrlying dcllsity fullct,ion  l)c collsidcrcd statio~lary o v e r
tilllc’?

Human l’actors

11 ulllall factors call  l.)c difficult to assess and require cf~ol t to idclltify ])rol)crly.  ‘J’here arc tllrcc

diflcrclltl  sets of ])artici])allts ill a tyl)ical applicat)ioll:

1 .  hlodcl IIuildcr(s)

2 .  IJolllai)l l’;xlmrt(s)

3. l’hld-llscr(s)  or Custolncr(s).

‘1’yl)ically tflcsc tflrcc sets  of  ])articir)allts  consist of lnultil)]c difl’crcl)t illdividua]s. AL t h e  o t h e r
cxtrclllc all tllrcc sets collsistl  of OIIC pcrsoll (this is rare ill real or]cratio]lal a])ljlicatlions).

lb caclI  of tllcsc sets of illdividllals OIIC lnust consider tflcir krlowlcdgc  of the sJ~ccific J)roblcm,
its factors, al}d of tllc gcllcral rt]o(lcl/:llgoritlllll cllaractcr; sties. A I SO rclcvallt,  arc t,llcir  prcfcrcnccs

aIId biases, tllc;r cxl)cricllcc, aIId tllc ‘(cult,urc” of tllc J)articu]ar  problcl)l (lo~)la;ll (SUCII  as tlIc dcgrcc
of stat is t ical  aIId IIlatfllcll]atjcal rigor cx])cctcd ill SyStCII-I  dcsigul and valid  atjioll).

hlodc] sclcctiol] for real a])]) licatiol]s is oftcll  carried OIIt by il]divjdltals WIIO  arc not, experts ill
IIlacllillc  lcarllillg or J)attcrll rccogllitio]l algoritl]lns: as SIICII,  ollc  criteria is that trhc mctlhod  bc onc
tllcy CaII trust, (al  Id ulldcrstalld), wllicll  l])ay lead to usil]g  IIlctllods t]lat do not llcccssarily o b t a i n
tllc IIigllcst  J)rcdictivc accuracy. OIIC SUCII  cxalnJ)lc  i s  t])c h’fultislwc  systc~tl  (I,andgrcbc  & Jlich],
1994),  wllicll  is a data alla]ysis systcln illtcndcd for lnultisl)cctra] ill)agc data , sucl  I as {hat from the

l,alldsat scrjcs of l’lartll  obscrvatiol)al  Satellites. hfulti~])cc’s  classification] IIlcthod is well-known
aIId sjlnplc it uscs IIlaxill)ul]l  l i ke l i hood  discrilliillantl a n a l y s i s . ‘J’llc aut])ors  of  h’!ult,ispcc  llavc
I)llrl)oscly  kcl){ tllc clloicc  of ltlodcl classes ill hfulti$l])cc  sIn:Ill duc to t]lc  lIu]t]alI issue of ]loi, walltiilg
hlultiSpcc to I)c a l)lack  box. ‘J’llcir users  (WIIO  arc II]ostly  gcogral)l}cls  al)d clilnato]ogists)  arc not
UJ) to date ill t]lc ]atcst ])attcrll rccogllitioll/hfl,” t,cc]llliqucs  alId WOII](]  I)c w a r y  o f  rc]yillg 011 sIIc.11,
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4 Model and Algorithm Selection

III this scctiml wc first dcscribc tl)c gm)cral  do7tlai?i-i7tflc~)c7i  ile7/l cliaractcristlics  that dcfil]c  a “lcarrl-
i[lg algoritl]ll). “  WC  t,]ICII  discuss ]tow jn{cract,iol)s  bct,wccI) t])c f-actors  JJrcsQI~Lcd ill {lIC prcvjous

Scctlkm call  illflucllc.c  tll)c IIlodc] and algoritfllln  sclcctim IImccss. ‘1’lIc ]Jmccss  of lnodel selection
involves II]atcllillg tlIc  dc)lllaill-(lc])cll(lcllt  f a c t o r s  dcscril)c(l  ill tllc JJIcvious  scctioll to tlIc dolnain-
illdcpclldcllt c.llaractcristic. s described Mow.

4 . 1  General Characfcristics o f  L e a r n i n g  A l g o r i t h m s

OIIC of tlIc IIlorc  collfusil]g  aspects of lcarllillg al,goritlllns is tllai$ tllcrc is such a variety of difrcrcr~t
algorith]lm  ])ublisllcd ill tlllc literature- wllcn  tlcacllillg  lna(llinc lcarllillp;  or ]mttcrll recogni t ion it, is
ol)vjous  tlIa{  tll IC studcllt is easily collfuscd  by the })cwildcring  nu]lllwr of available algorit,llms and
]I)cthods. A useful “rc(l~lctio~list’”  view is tltc following: c]cry lcamillg algorithm can  be viewed  as
consisting  of t]ic  s])ccificatliol)  of tllc fo]lowillg  tllrcc Com])ollents:

1.

2.

‘3,.

Modd R{:]~rc!s~:l]t:iti[}l~:
Wl)atl  is {Illc fu]lctio]!al forln of tlic ]ilodcl(s) bci]tg  IJsc(l by tllc algoritl]m’?  i.e., if the lnodel
call  bc cx])msscd  as y == ,~(fl:, 0) wllcrc z is tllc il)put, O rcl)rcscuts tllc lnodc]  paralncters,  and
y is tllc J)rcdictioll of tllc ]nodc]  f givcll  x and O, wlIat arc tlie rcl)resclltaiiollal p r o p e r t i e s  o f
tlllc fullctliollal  forll]  of ,j’?

Estimation Ch’itx!l’ia:
Givc?l  a particular rcprcsclltation  j, cstilnatiol)  tells us what criteria we will usc to evaluate
IIow well a ])articular  set of parameters O fit the data. Itl is illlportallt to l)oic that rcprcscm
tatiol] and cstilllatio]l  a r c  scJJaratc cllaractcristlics (If a  lcarllillg Inctllod arid can  he treated
rclatlivc]y  illdc~)clldclltly  (Cl]ccsclnall, 1 99[1).

Search Method:
IFillally,  givcll  lmtl) a rcJ)rcs(:lltatiC)ll:ll  for]n  (or a set (If suc.]1 fbr]ils) and an cstilnation criterion,
tl)c scarcll IIlctllod is tllc algorithmic sl)ccificatioll ol’ltow  {he ])aralt)ctcrs and functions] forlm
a r c  fit to tllc data.

“J’llis tllrcc-c.c~lIl])ollclIt  cllaractcrifiatioll (Duntinc &T Slnytll, 1994; Vayyad,  I’iatctsky-Sllapiro
&. Slllytll, ill })rcss) is useful for idclltifyil~g  tl)c dis t inguishing J)rol~lcl)l-rclcval)t  cha rac te r i s t i c s
o f  diflfircllt  lcarllillg algoritlillls. lror exalnJ)lc,  univariate  dccisim]  tree Incthods  call  be viewed
a s  co]tsisti~lg  of (] ) IIicrarcl]ica]  ])icccwisc  comtaIIt ]Ilap])illgs  (Ic])rcs<:lltzltioll),  (2) likclil~ood  and
cross-v:~li(l:~tioll  criteria for IIodc  al]d tree select io]l (cstilllatioll), a]ld (3) various greed y growing

and prulli]lg strategies (scar cll).  Sil]lilarly, feed-forward IIcural  IIctworks  consist of (1 ) nonlinear
IIlappillgs (rc])rcscl]t;~tioll), (2)  likc]il]ood-l~ascd  ol)jcctit’c functions  (csti]l~atioll), and (3)  g r e e d y
gradimltl  dcsccllt IIlctlIods f o r  wcigllt sclcctiol~  (scarcli iri I~aratl]ctcr  s~)acc). ‘J’IIus,  Llic J)rimary
diffcrclltiatlil~g  characteristics l)ctwccn decision trees illld )Jcural  IIctwo]  ks lie ill tllcir rcsJ)cctivc rcp-
rcsclttatiolls (trees arc IIlorc  Il)](lcrstall(lal>lc  but IIctworks  ])osscss  IIlorc  flcxil~lc funct ions]  forlm).

For  eacl)  of tl)c tlllrcc ])rilllary c h a r a c t e r i s t i c s  tllcrc :Lrc IIulllcrous  sul)-cllaractcristics.  111 mp-
rcsc71t.{/{zo7~ OIIC is iutcrcstcd  ill tllc forl)l  of data that tllc lnodc]  call lIa]Idlc  ( con t i nuous ,  d i s c r e t e ,
categorical, or all of tllcsc), tlllc cxl)lanatory  ])olvcr of tl)( model, tl)c function approxirnatlion capa-
i)ilitics of tllc l)lodcl, tllc forlll of tllc outI)ut of tlic ItN3dcl (class lal)c]s,  ]Jostcrior class J)robabilities,
etc.), slid so forth.

lJIJdcY  csfimalion tllc t y p i c a l  cl]aractcristics  il]cludc:  tl)c scllsitiviiy (or robust]]css)  of tllc cs-
till) atioll critcrio]l for a J)articular Inodcl  as a functiol) of salrlp]c  size and as a function  of the
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clilllcl}sioll:llity  of tl)c  ])roblcll);  tl)c  underlying  assulll])~iolls  of tllc cstil)latlioll critlcrion  (prwtJat~ilis-
{ic, l og ica l ,  il]dc]nldcllt sal]]pling, etc.); aIId wllctllcr tlIc  (Ail]laiioll Inctl)od call  bc ap])licd  auto-
lnatically or requires sol))c ill])u~ frolll  all cxlmt user (c..g., llaycsiall csti]llatioll Illcthocls  typ ica l ly
require greater care 011 tllc I)aTt of tlIc  algoritllln user tllall lnaxilllulll likelihood mcthocls).

,$ca7c}t  cllaractcristjics illcludc: tllc basic scarc]l  methodology (greedy, cxl]austivc, hill-cli]nbing,
ctc); tllc sixc of tllc scare])  sIJac.c ullclcr  collsidcration; tllf colnl)lcxity of tllc scarcll, wllct}lcr  it is
jllst]):lraI)lctcrsc  arcllor alsoillv[)lvcs: isc:lrcll<) vcrlllc)(lclsL  rllctutcs; Lll(c:isco fllscof  tllcl]lctllod
(wl]ctllcr  ii requires lnallual supcrvisioll);  and tllc till]c allcl II) CIIIOry  corllplcxitly  of ihc search.

4.2 Model and Algorithm Selection Based on I)roblem-Spcwific  Factors

‘1’l)c ])articular  ])mblcln dcfiIIcs tllc s])ccific  do]llairl, dat; l a]ld IIulllfirl  factors tlllat co]lst~ain  tlhc
]nodc]  sclcctiml process. 111 tllc typical application, tllc dolllair} factors (goals, prior k]]owlcdgc,  and
o])cratiolla]  issues) al)d lmlllall factors of a j)roblc]n  arc oft,crl  relatively fix(d co]lstrairlts, wfhcrcas  the
]l]odcl-buildc~ oftcll has SOI)IC  latitude in tcrlns of trade-oils il]volvillg  d:iia factors. An addi t ional
collstraiilt, tllai iln])act,s  tllc sacccss of tlrc  ]nodcl  sclcctioli stcI)  is tllc II Iodcl b u i l d e r ’ s  k n o w l e d g e
al)outl  tlllc (Ioll]:lill-ill  (lc])cll(lclltl charactcristlics of tllc available ICarllillg  alg;oritlllns. For  e x a m p l e ,
if it is krrowlr  t]lat lllally of tllc features  descr ibing tl]c data lnay t)c irr(lcvalltl, tllcl)  all algorith]n
wllicll  pcrforlns  feature sclcctioll (I)rullillg)  will l)c appro])riatlc. II) order to select SUCII  an algorithm
tl]c user II]ust  know wllicll  of tllc available algoritll]tls I)crlorm  this task (cit]lcr ex;)licitly as irl tllc
case of a scquclAial backward clilllirlation process for linear discrilnillant  fullctiolls, or ilnplicit]y  as
ill a dccisioll t ree) ,

‘lb  sc]cct all approI)riatc  lcami]lg a lgo r i t hm orlc ]nust, know  tllc afl’cct that  different  data set
cllaractcrist,ics IIavc 011 tl~c succcss of tllc algoritlllll for IIrcetil]g  tlIc  application objectives (I]rodlcy,
to a])I)car;  ]Iox,  1990; l,clllnarlrl, 1990; IJillllart &  Zuccllillij 1986).  l“or cxarlr])lc,  i~l tl)c dollraiil o f

rclrlotc scllsilrg, (IIC cost of collecting labeled trainirlg instal)ccs  is ])~ollibitivc. 111 addition } with Lhc
rcccnt advcllt of tllc AVlt,l  S llnaging  Spcctrol]]ct,cr (wllicll  j)roduces as rl]arly as 200 spectra] bands),
tllcrc is a dralna{ic problc~ll  of too fcw training saln])]cs  ill relation to tllc I)ul]-rbcr of fcat,urcs. l’or
SUCII a problcln  tllc IIlodcl-builder lnust  undcrstal)d  tllc coIIscquc]Iccs  of IIsirlg particular Inodcls and
cstilllatioll lnctllods  ill situatiol)s wllcrc tllcrc is relatively Iiitlc daia relative to tllc dilrlcllsiollality
of t!llc fcat!ur’c S])ac.c.

(Iftcll lIUIIIaII  factors  ])rovidc  tllc o v e r r i d i n g  comtrairlts that dr ive tllc ~nodc] and algoritllln
sc]cctioll I)roccss. ]1’or  cxa]l]])lc,  IIulnan  factors played a large role in solvir]g  tllc problcrn of banding
ill ro togravure  ])rilltillg. II) this a])])licatioll  process dclay~  (due to lml]dillg) were lnitigatcd using
tllc colltro] ru]cs disc. ovcrcd  by dccisiol]  tree itlductioll (I+;valls  & Pisllcr, 1 994).  l~or {Illis  ~)rol.~lcltl,  tllc
])rilnary  ol~jcctivc was that tllc c]ld result of a IIlacllillc  lcarv]ing  algoritlllll provide an opcrafional
SC(4 of rules; tllc rules WCYC  used to cllangc ilrc  way t$lrat 1,1 Ic ])ri]]tillg  ]Jrcss is rml I.

‘1’lic  IIlodcl  builder ailns to select LIIC algoritllltl that IIlaxilnizcs tllc ol)jcctivcs of the problcln,
givcrl  botl]]  tllc ])rol)lclll-(lc]  )c>ll(lcllt factors and the [Iolll:lill -ill(lc])cll(lclltl cllaractlcristics of tl]c avail-
al)]c lcarllillg algoritlllllls. ‘1’y])ical]y tl]crc is ]10 O]lC solutif)ll  which silll[llt:irlcollsly satisfies all tllc

colrstrail]ts arid o])til)lixcs  all of tllc objectives. A successful a])])licatioll  is oflcll O]IC w])ich trades-off
tlrc  various colll])ctilrg collstrairltls to arrive at a useful sollltioll satisfyil)g lIIost  of tl)c ol)jcctivcs.

5 Process Iteration

IH an ideal world,  tllc firlal st,cps of t]lc  process (afkr idcllt ifyillg  t]lc  (]olllaill-(]cI)c~ldcllt  factors and
sclcctillg a ]IIodcl  a]ld algoritl]ln) arc to t e s t  tllc lIIodcl  alltl  tl)c]} field tllc systcln ill all oI)crational
cllvirollrllcl]t. F’rcqucllt]y,  ]lowcvcr,  in real world applicatiorls a filst attclnl)~ at algorithln  selection
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d o t s  lIot  ]Jmvidc sat isfactory tcsl rcsu]ts. ‘1’l)is  leads (0 iterating tllc overall IJroccss  where the
test results will suggest ways ill wllicll  LIIC ol)jcctivcs a]]d c.ritcria of {I)c I)rojcct call  hc altered or
Yclaxcd.

S])ccific  situatiol]s wllicll  frcquclltly occur  ill ]Jracticc illcludc:

● ‘J’IIc  cstiltlaicd ])rcdictivc accuracy of the r]lodcl  ]]]:ly bc too low. A variety of factors call

I)c cxalllillcd: rclcvalli variab]cs f o r  t h e  problcln aIc not t)ciug  ll)casurcd,  irnportal]t p r i o r
Ii]iowlcdgc  is bcillg igllorcd, a ]argcr  training sci is Itfwdcd,  LIIC di]t)cllsiollality of the l)roblcIn
i s  too IIigll, tl]c  sclcctcd lt)odc]s  a u d  algoritllllls arf illap])rol)riatc. l“or cxalnr)lc, i n  (Ilurl,
11’ayyad, l’crmla, SI])ytlI & ]Iurl, 1994) analysis oftll( errors bcillg II)adc  by a classifier trained
to de tec t  s]na]l  vo]ca])os  ill ilt)agcs of VC]IUS rcvcal(d i]lat i,l)c c l a s s  l a b e l s  I)rovidcd  by tllc
doll]aill experts were quite sul)jcct,ivc  ill nature and that there was collsidcrab]c  disagrcclncr]t
a]))o]lg  cxpcrtls. ‘J’llis  led to a CO] I1])ICLC rc-cvaluatic)ll  of tl]c  overal l  ])roblcln, iucluding  the
IIaturc of tllc col]cctiol]  of trail]illg data, t,llc traiuillg of tllc ~]lod{!ls,  al)d {IIC usc of rcccivcr-
o])cratilig cllaracttcristics for l)]odcl  cvaluatiol) in i,l)( abscllcc of almolutc grou[ld t r u th .

s ‘Jkst,  rcsult,s  call  reveal  syst,c]nat,ic  er rors  t,]]at can  bc IIlodclcd  al)d accounted for ill the lnod-

clillg l)roccss. l?or cxalt)I)lc,  all initial atltcrnl)t  at ol]lillc  fault classification) from ti?nc series of
large al)tc]llla ])oilltillg systclns  igl]orcd  tllc tcln])ora] aspect of tllc ])rol~lcll]:  t,l)c initial results
suggcst,cd  tl]at all iln})rovcd  IIlodcl  could bc obtaillcd by cl[ll.)eddillg  tllc il]itial c l a s s i f i ca t ion
]]mlcl witllill a tilllc dclmldcld ]nodc]  SUCII  a s  a IIid(lcll hfarkov II Iodcl (S]t]ytll, 1994a),  ‘1’hc
illl])rovcd  ]I]odcl was subscqucllt,]y  adapted for U S C.

c ]~c)r solllc ~ll)l)]iciit,jc)lls, t,IIc il~ii,ja]  rcsu]ts arc succcssflll  cnougl)  i]) tcrllls of  predict ive accuracy

tllai closer attclliioll is paid to tllc ])ossiblc  opcratioua]  dcJ)loyjncllt  of the ~nodcl,  which iu
turl) call  uncover IICW constrailltls. IPor  cxa]]]])]c, ill tllc fault classif icat ion J)roblcm  lnclltioncd

ill tllc ])rcvious  ])aragra])ll  it was o]l]y after a Inodcl  wit]] suf[icicllt,  I)rcdictivc a c c u r a c y  w a s
dclllol)stratcd  tll)atl tl]c real opcratiol)al factors were scrutiuizcd:  ill ])articular, the ncccssity of
l)cillg  al)lc  to detect c]asscs  wl]icll were I)ot ]Jrcscllt  ill tl)c  trail]ilig data was idclltificd (SmytlI,
1 9941)).  ‘J’llis  lead to fur[ller iteration tllrougl] tllc Itlodcl  sclcctioll step of tl)c process .

● ‘1’IIc a]) J)licat,iol) dcvclo])]tlclit  process iLsclf nlay hc drsigncd to })c iterative. IIt the hlultiSpcc
systcll] dcscribcd  car]icr, tllc user al]d tllc systcltl illt<:ract  to acllicvc  tllc bcstl classification of
a]) illlagc. CI’l)c first stc])  il)volvcs  daf((  review in ordcl for tl)c user to .gaill famil iar i ty with tl)c
da ta  se t ,  at, lcasl ill ])artl by vicwiug tl]c clata  iu color  11/, ilnagc f’ollli. ‘JIIIC  user tllc]l  idcniifics
tl]c  set of cdasscs  to bc discrilnillatccl (for a J)arLiclllar  a])])licatioll, l)ot  all ])ossiblc  c l a s s e s
will  bc o f  illtcrcst). Ncx(  t]lc  s])ccific  fcat,ulcs to bc u s e d  ill t]lc analysis Inust }.)c idcl]tificd
or calculated (this is ty])ically dol]c by tl]c systcm, IIut call bc altered l)y tl]c user). Fil]ally,
al] analysis  of tllc classif ier  built  from tllc llall&lab(lcd  training data is l)crforlncd and the
rcsulk arc evaluated using lmt]l  quanti tat ive aud qllalitlativc ]Iical Is. ‘J’llc rcsult,s  lnay lead
tllc user to cllal)gc  LIIC Set< of classes of illtcrcst, cll:ingc  tl]c  features  to be used, or c]langc
tlllc al]alysis tcclll]iql]c. ‘J’l)c system was sJ)ccifically  designed to I)c illtcractivc, bccausc the
accc])t,ab]c  rcsulk arc both a~)l)licatioll  a]id user sI)ccific,  irl l)articular, tllc dcf[llition of which
c]asscs arc of illtcrcstf.

●  ‘1’l]c illit,ial  resul ts  ]nay  force the ])rojcct,  part,  ic,ipallts  to lnorc carcful]y eva lua te  domain-

dcl)clldclit factors such as IIlisclassifi  cation costs. For  cxal]lplc, ill col]lputcr vision, classifi-
ca(ioll is ofklll  al) illtcrlllcdiatc proccssi)]g  stc~)  ratl](r tllal~ a final  goal .  IT1 buildillg a  f o c u s
of atltclltioll IIlccl]al]isl]l  using color al]d texture for 1 riggcrill.g;  ol~4jcct II)atc.llillg  routiJlcs, the
ol)jcctivc is to l)uild  a classifier illat lnakcs one-sided crrols. ‘1’llis ol)jcct)ivc  arises bccausc
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it is ICss “cx])cllsivc” to classify IIon-object ]Jixcls as object tlial] classifying object ])ixcls  as
]]oII-ol)jcct;  ]I]issi]Ig tllc ol)jcct is far ]I]orc COSLIY  tl]all a]JJ)lyillg a ]tlaicl]iug algori thm to noll-
ol)jcct rcgiolls. III a ])artlicu]ar  apr)licatioll, ro:~[l-follc)lvillg,  a II)isclassificati ol] cost matrix was
illitial]y sl)ccificd  a])d a cost-scllsitivc algoritlll)l w a s  a])plicd  to tllc ])rol)lcl)](l)ra]Jcr, Ilrodlcy
L7 lltgof[’,  1994).  ‘1’lic results were ulwatisfactmy,  c;lusiug a rcvifiioll  of {l)c misc la s s i f i ca t ion
cost IIlatrix. ‘J’llis  ])roccss  was iterated several til)lcs IJcforc all o])til)lal  c.ost-l)]atrix was arrived
lIJ)OII .

‘J’llcsc arc jllst a sal))l)lc  of IIlally  ~)ossit)lc  exal]l]~lcs  illus~ ratil]g tl)c  itcraivc Ilaturc of tllc al)r)lica-
tiol]  dcvcloI)Inc]It  ])roccss.  If tllc dolllaill-s~)ccific  f ac to r s  a))d tl]c  lcarllil]g algoritllll) charactlcristics
c o u l d  bc IIlodclcd  ])rcciscly  a])d tllcil:  intlcractiolls J)rcdictcfl  in a quantitaiivc  IIlallncr, tlllcrc would
bc 110 IIccd for tflis illteractivc, i terat ive ])roccss: one  c o u l d  si~n~)ly  idelltlify  tllc oJ)tilnal solution.
IJowcvcr,  bccausc tllc cflccts of il]icractillg dornai]l  factors aud algorit 11 [I I characteristics cannot  be
J)rcdictcd, tlllc J)ractica] al)l)roacll  is  to cxl)lorc  i,hc solutioli space ill all cxpmimcuta]  but, iuformccl
IIlallllcr.

6 Conclusion

‘J’ypically  tllc rcscarcll colnll]ullity call II]akc tllc strol)gcst statclncllts al)out algoritl]rnic aucl m o d e ]
cllaractcristicsj e.g., “ulldcr tl)csc assulnptions,  algoritlll]l ,4 wi l l  I)rodurc bcllavior Y . ”  IIowcvcr,

it is fair to say tllatl  very little collsidcratioll is givcll  ill illc rcscarcll l i terature to dolllaiu-sJ)ccific
factlors  il]cludil)g dolllaill, da t a  and ]iulnall factors. l$rllilc  it is ulldcrstalldablc  that these issues
a rc  IIotj tllc focus  of  I))UCII  attcntiol~ given  tlflcir qllalitlativt aud il]l])rccisc  Ilaturc, ]Io]lctllclcss it is
ullfortlullatjc  tllai tllisis tllc cascsillcc iu J)ractica] ?I])})licatiollsitis often tllc data and hu]nau  i s s u e s
wllicll  ultilllatc]y dictate succcss or fiailum of a ])rojcc(  ratl)cr Lhall algoritfllnjc aud I11OCICI  i s sues .

III tllisl)a])cr  w(>l]:lvc  cl];\ r:lctcriKc(lt  llcovcrallf~  70cess(lf a]) I)licati(Jll(lc\ clo~)]]]clltforrca l-worl[l
classificatlio]l  alId rcgrcssio]]  l)rol.)lcIIIs  a]lcl idc]ltificd, cakg(]rizcd,  aIId discussed soIne  of trllc various
factorswllicl] illflucllcc tllisI)roc.css. ~~cscctl]c:f  ollolvillg}) otcllti:~l IJcncfitsfroln  tl)is work:

●

●

4

s])ccificatlioll  of a COIIIIIIOII fra]]]cwork  to a l l o w  a])])licatio]]  dcvclo])crs  to colnmuuicatlc aucl
idcl)tify issues illvolvcd  ill LIIC a])])licatioll  dcvclopI]lc  IIt process,

])rovisioll  of a “road-l] )a])” for]mtcl)tia] a])j)lication dcvc]o])crs, alcrtiug tile ]Ilodcl-hui]clcr  to
tll(:lllallyI )()t{~lltitllly il]]~)()rtalltissll  cs}vlli cllcxistbc>folld  tllc idcaliticd  rcsczlrcll  cl)virolllllcllt,
and

illcrcxlsillg  tl)c lcvc] of awamlcss ill tllc rcsearcll col)]lnuuity couccrllilig the l a rge  va r i e ty  o f
f a c t o r s  wllicll  afk!ct  a]~])licatioll  dcvclo])l]]cllt  in pr;lctical situatiol]s.  I t  is I]o1)ccI that by
i(]c:lltifyillgtllcsc factors that rcscarcllcrs  will bc cncouragyxl  to take all i[ltlcrest  ill addrcssiug
sol]lc  of tl]c  ll]al)y  ])ractical i s s u e s  dcscribc(]  ill tl)is J)aJ)cr, ill ])alticular, goiug beyond the

focllsol)  tl)c critcrio]l of])rc(lictivcac  cllracy wllic}l t<lldsi( ~(l[)ll)i)l?itctllc  rcscarcll l i t e r a t u r e
at, ])rcsclltl to tfl)c cxc]usioll  of II)ostl  otfllcr issues,
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l’ro])ulsiol]  l,al)oratory,  (;aliforllia II]stitute  o f  ‘1’ccll]]c)lo~,y, ulldcr a (-olltract wit])  t}lc N a t i o n a l
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